Understanding the morphological and haemodynamic changes associated with surgical correction of tetralogy of Fallot is vital in planning a rational basis for the postoperative management. The past five years have seen afall in mortality figures from more than 10% to 2% and the reasons for this improvement are reviewed.
obstruction (and at times also valvular) and the ventricular septal defect (VSD) .I The overriding aorta is related to the VSD and the right ventricular hypertrophy is secondary to the outflow tract obstruction. 2 The infundibular stenosis is the result of under-development and narrowing of the infundibulum, with hypertrophy and displacement of the crista, parietal and septal bands. 3 The haemodynamic severity of the pulmonary stenosis is not necessarily related to its anatomical configuration. The haemodynamic obstruction determines the severity of the clinical syndrome, and the anatomical configuration determines the ease of operation. The position of the VSD in tetralogy of Fallot is constant and lies immediately beneath the aortic valve cusps from the left ventricular view, and from the right ventricular view appears to be high and more anterior than the usual isolated VSD. The bundle usually comes into relation to the VSD at its posterior angle, passing anteriorly within 3 mm of the free margin of the septal aspect of the defect. The posterior margin is usually formed by tissue at the base of the septal leaflet and the anterior leaflet of the tricuspid valve.
The right ventricular wall is hypertrophied and the inflow portion of the right ventricle is usually moderately enlarged and heavily trabeculated. The right atrium is moderately enlarged and the left atrium may be slightly small, but functionally significant hypoplasia of the left ventricle in patients with tetralogy of Fallot is rare.
Patients with moderate or severe forms of tetralogy of Fallot may have a collateral circulation between aorta and pulmonary arteries, but most of the collaterals enter small pulmonary arteries within the lungs. Thrombosis may occur in pulmonary vessels of microscopic size and is prominent in patients with anoxic episodes, reduced pulmonary blood flow and marked polycythaemia.
Associated anomalies with tetralogy of Fallot are numerous. However, ASD of the ostium secundum type occurs in 5 to 15010 of patients, a persistent left superior vena cava in 5010, and anomalous origin of the anterior descending coronary artery from the right coronary artery does occur. In the latter it is obviously not possible to enlarge the outflow tract of the right ventricle by the usual methods, as transection of the anomalous artery results in left ventricular myocardial infarction.
Haemodynamics
The direction of the shunt is usually right-toleft but occasionally may be bidirectional or left-to-right. Since the ventricular septal defect size approximates the aortic orifice, the direction and magnitude of the shunt are determined primarily by relative output resistances of the two ventricles.
The more severely elevated the output resistance of the right ventricle the greater is the right-to-Ieft shunt, the lower the arterial oxygen saturation, the deeper the cyanosis, the more severe the polycythaemia and the greater the degree of disability. Thus pharmacological induction of systemic arterial hypotension results in a decrease in left ventricular output resistance and increases the right-to-left shunting. When spasm of the infundibulum occurs right ventricular output resistance is acutely increased and right-to-Ieft shunting enhanced. If the right-to-Ieft shunt exceeds 45010 of systemic blood flow the tetralogy is classified as severe, 25-45010 moderate and 10-25010 as mild tetralogy of Fallot. The magnitude of the shunt varies enormously in the individual patient during various degrees of physical activity and stress, depending upon the preponderance of dynamic or fixed outflow tract obstruction. The infundibular chamber may be quite small when the outflow tract obstruction is near the pulmonary valve. At the opposite extreme the muscular obstruction in the outflow tract may be quite proximally situated, resulting in a large infundibular chamber sometimes called a "3rd ventricle". Moreover, stenosis of the pulmonary valve is common, and hypoplasia of the pulmonary valve anulus occurs in about 30010 of tetralogies of Fallot.
The importance of discussing the morphological and haemodynamic disturbances which may be apparent with a tetralogy, is that the degree of expression of these changes determines the age, type of operation, degree of difficulty, and may predict a stormy postoperative course, therefore determining mortality figures. 4 Thus, one may undertake an intra-cardiac repair in an infant of six weeks of age if the infundibular obstruction is well localised and the pulmonary artery is of adequate size. A Blalock-Taussig shunt, or central shunt procedure, is preferred in a 12-month baby with a small pulmonary artery and where the outflow tract obstruction is diffuse and concentric, with valvular stenosis and annular hypoplasia. And similarly, if the pulmonary artery aortic ratio is less than 0.3 then patching of the outflow tract appears warranted.
Relative to pulmonary artery size there are three groups of patients: 5 1. The infant correction, 2. Blalock-Taussig shunt + correction less than 2 years of age, 3. Blalock-Taussig shunt + correction greater than 2 years of age. The problems are somewhat different, in that with infant correction one is faced with a small heart and major vessels, requiring technical expertise for correction. The older child may have a muscle-bound, non-compliant ventricle, with a large right-to-Ieft shunt, polycythaemia and variable degrees of fixed and dynamic right outflow tract obstruction. The mortality figures for infant correction appear to be as good as for shunt and later procedure in those patients with easily relieved obstruction, good pulmonary artery size, and without associated anomalies.
Mortality figures
The Royal Children's Hospital mortality for tetralogy of Fallot over the last five years is 2.1 0/0, which compares favourably with the mortality figures from other cardiac centres, which range from 2.7 to 14% (Table 1) . Over the last three years the mortality at this hospital has been zero. However, before 1978 the overall mortality for tetralogy of Fallot was greater than 10%.
Preoperative preparation
In the earlier series, patients were operated on at an older age, the disease had progressed in severity and they had become more symptomatic. These patients were heavily betablocked to reduce the episodes of infundibular spasm. Shunt procedures were of the Waterston or Potts type, making the corrective procedure longer and technically more difficult. 6 The introduction of 2-D echocardiography has allowed catheterisation to be essentially a presurgical, not a purely diagnostic procedure, with the selection of more definitive angle cineangiographic projections to elucidate pulmonary artery branch stenosis, anomalous anterior descending coronary artery, or multiple muscular ventricular septal defects.
Because of a more definitive diagnosis and earlier operation, the patients now are less heavily beta-blocked, even if symptomatic, and beta-blockers are ceased one week preoperatively. The rationale for this is that a heavily beta-blocked, failing right ventricle will require more support than a non beta-blocked, functional ventricle.
Intraoperative management
The intraoperative management of the repair is the critical stage in predicting the postoperative problems. There are three separate issues to be considered. First, the operative technique. The transatrial approach is now used for the repair of tetralogy of Fallot at the Royal Children's Hospital, and this has several advantages as regards postoperative myocardial function. It avoids a large right ventriculotomy incision through a musclebound ventricle which already may have compromised function. It allows direct vision and closure of the patent foramen ovale, or creation of a flap valve which will close the atrial defect when the left atrial pressure is greater than the right atrial pressure. It does have the disadvantage of perhaps temporarily increasing the functional tricuspid incompetence which may be present, secondary to intraoperative traction further stretching the tricuspid anulus.
Because the children are operated on earlier the infundibular resection is now less dramatic and there is a less incompetent infundibulum. This situation contrasts markedly to that before 1978, where repair was undertaken on a dilated, muscle-bound right ventricle, with a large ventriculotomy and extensive outflow tract resection. The patent foramen ovale was usually left open to function as a "blow-off" valve, for the expected failing right ventricle postoperativeIy. The outflow tract was invariably patched, often across the valve, producing gross pulmonary incompetence. The problems were then fourfold: a failing right ventricle, atrial shunting, pulmonary incompetence and tricuspid regurgitation. The right ventricular pressure following repair may have been as much as two-thirds systemic or greater than 70 mmHg, in the presence of considerable interference with right ventricular function.
The second issue to be considered is the technique of bypass. 7 Early correction of Anaesthesia infants less than 10 kg allows deep hypothermia, a short bypass time, and circulatory arrest with or without cardioplegia. The technique used at the Royal Children's Hospital now is moderate cooling on bypass with the heart ejecting to 30°C, then a rapid cooling to 18 0, cardioplegia, drainage and decannulation of the heart, and then the repair is undertaken. This technique allows at least 30 minutes of "safe" arrest time, gives adequate access for accurate repair and inspection for associated anomalies, and provides good exposure for teaching purposes. Other units use varying methods to achieve the desired temperature with a short bypass time, usually involving surface cooling to 25°C and then bypass cooling to 18 qc. Neurological damage appears related more to the adequacy of cardiac output 8 postoperatively and the length of bypass time, than specifically to hypothermia.
Rewarming is initially with non-pulsatile flow using rates of 160-180 mllkg/min. to provide a mean arterial pressure of 50-60 mmHg until the heart is closed and beating satisfactorily. Thereafter the left atrial pressure is raised to 6-7 mmHg and rewarming continued with the heart ejecting. There is evidence to suggest that pulsatile flow enhances rewarming and cooling, and may shorten the total pump time by 30070. 9 Urine output is doubled and the patients awaken quicker, more alert and require a shorter period of postoperative ventilation.
Patients in the earlier group were subject to a long bypass time, a long cross-clamp time and little myocardial protection.
The third issue, and a contentious one, is whether to use cardioplegia. The techniques of administration and composition of cardioplegic solution have varied greatly since its introduction by Melrose in 1955. IQ Basically the solution is cold (4-10°C) and has a high potassium concentration (15 mmol), producing chemical arrest of the heart in constant diastole, thus preserving myocardial oxygen stores. 11 Various groups have added steroids, betablockers, calcium antagonists, magnesium, glucose and procaine. 12 There is evidence that calcium antagonists may be of benefit in preventing development of contractile bands with reperfusion. It is obviously preferable to have a high level of ATP than a low one in the Anaesthesia and Intensive Care, Vol. 1/, No. 3, August, 1983 ischaemic heart, and it appears that at low temperatures ATP may penetrate directly into the cell, but its availability is limited and the cost of its use prohibitive. A buffered, balanced-electrolyte cardioplegic solution is used in all our tetralogy repairs (Appendix I). The solution contains 5 grams of mannitol per litre to reduce myocardial oedema. In addition, the solution for babies under 10 kilograms contains 50 grams of albumin per litre. The volume given is 450 ml per square metre body surface area over four minutes as recommended by Kirkland and his group.
Clearly the better the myocardial function is preserved in the operating room, the less likely will be postoperative myocardial failure.
The increased thickness of the right ventricular myocardium may influence the homogeneity of cooling and chemical arrest. An increased pressure and time of cardioplegic infusion may be required, and yet insufficient effective myocardial protection time may result. Inadequate repayment of the induced myocardial debt produces reduced myocardial contractility, reduced ventricular compliance and coronary vasodilatation.
Postoperative care
The postoperative care of tetralogy of Fallot repair at first glance seems to have changed very little in the last five years. However, there has clearly been a change in emphasis on various postoperative manoeuvres. Surgical and postoperative expertise have had a further five years to develop, and early and appropriate manipulation of the patient's physiological responses is encouraged.
Errors in management of relatively fit patients may lead to sudden deterioration and death. The aim is to keep the patient supported until the heart recovers from the insult of surgery and bypass, and to allow the benefits of the operation to take effect. 13 Cardiopulmonary bypass in itself causes variable degrees of myocardial and respiratory failure and thus one must provide an optimal oxygen flux with minimal oxygen demands. An imbalance results in a vicious cycle of increasing myocardial failure.
The restrictive lung volumes seen with repair of tetralogy of Fallot in the past no longer occur with primary intra-cardiac repair. The reasons advanced in the past were small lungs, lack of physical activity, altered pulmonary and chest wall mechanics cardiomegaly and increased pulmonary blood flow following repair. 14 Restrictive lung volumes now correlate with poor surgical intra-cardiac repair, as manifested by residual cardiac disease, such as pulmonary valve insufficiency and an increase in heart size.
Diffuse alveolar collapse and ventilation/perfusion inequalities are the reasons given in explanation of the postoperative hypoxia. Loss of surfactant, hypoxia of the pulmonary parenchyma, toxic factors produced during perfusion, and vasculitis due to haemolysis have all been advanced as possible aetiologies.
A fall in cardiac output exacerbates the degree of shunt and is associated with increased work and oxygen cost of breathing. Drugs which raise the cardiac output may also increase venous admixture, of which dopamine is marginally the worst offender.
Mechanical ventilation in the intensive care at the Royal Children's Hospital is controlled with both relaxant and narcotic adjuvants until there is respiratory and cardiovascular stability. This has the advantage of decreasing the oxygen cost of breathing, breaking the cycle of respiratory and cardiac failure, and allowing adequate doses of analgesia to be given. The adverse effects are that it decreases venous return and may increase pulmonary vascular resistance because of compression of the pulmonary capillaries. The latter is of little consequence when compared with the powerful stimuli of hypoxia, hypercarbia and acidosis on the pulmonary vascular tree and infundibulum.
The nursing staff of our unit provide excellent ventilatory care and we are therefore prepared to ventilate paralysed patients, aided by sophisticated monitoring and alarm systems.
Low-level PEEP (4-5 mmHg) is used routinely postoperatively to maintain functional residual capacity, prevent intrapulmonary shunting and maintain arterial P02. Higher levels of PEEP are only tried when there is evidence of pulmonary oedema and arterial desaturation. The change in systolic blood pressure with a brief disconnection from the ventilator can be assessed. As peripheral vascular resistance remains constant over a few seconds, changes in cardiac output are proportional to changes in systolic blood pressure. PEEP is titrated against this and other indirect indices of cardiac output and the blood gas analysis.
Weaning of the patient with a low cardiac index is unlikely to be successful, partly because of the inverse relationship between cardiac output and dead space to tidal volume ratio. IS It is therefore only undertaken when the signs of cardiac output and other organ function have improved. The progression through IMV and CPAP to extubation is usual, the speed of weaning being dictated by the confidence in haemodynamic status.
Early extubation practised by many institutions must be reviewed in perspective. It is only satisfactory in carefully selected patients in whom stability of cardiovascular and respiratory systems and temperature have been attained. 16 The surgical technique, method of bypass, analgesics and inotropic agents vary from centre to centre -the most important feature influencing outcome being the familiarity of the bypass team with the technique practised at that institution.
One of the major advances in recent years has been the development of sequential pacemakers. The failing, traumatised heart is particularly dependent on the atrial "kick" to ventricular filling, to work on the optimal section of the Starling curve. The infant heart has little ability to increase stroke volume by force of contraction, and relies mainly on an increase in heart rate to raise cardiac output. Although an increase in heart rate also increases myocardial oxygen demand in the most provocative way, the infant Fallot seems better able to tolerate this than a reduction in cardiac output. The proximity of the conducting tissue to the VSD repair increases the risk of conduction disturbances and right bundle branch block with or without left anterior hemi-block are related to suture placement. Any greater degree of block than this is probably associated with an increased long-term risk. Sequential pacing allows atrioventricular functional continuity, in the face of otherwise critical arrhythmias, and maintenance of a cardiac output without massive inotropic support.
Anaesthesia and Intensive Care, Vol. 11. No. 3, August. 1983 Low-dose dopamine infusion (4-6 JAg/kg/minute) is used almost routinely after repair of tetralogy of Fallot. A reversible reduction in cardiac output is seen after most open heart procedures and is the major cause of mortality after repair of tetralogy. All of the currently available fJ-sympathomimetic agents increase myocardial oxygen consumption. Dopamine is the least disadvantageous in terms of the increase in myocardial oxygen consumption for a given increase in myocardial work. The potential risk of increasing infundibular obstruction with fJ-sympathomimetic agents must be considered, but is rarely a problem.
Dopamine is often commenced towards the end of cardiopulmonary bypass. It is particularly indicated in the treatment 0 f hypotension refractory to volume expansion or in the face of high left or right atrial pressures. Postoperatively, dopamine is commenced if the cardiac output is marginal, as evidenced by a low peripheral skin temperature (less than 30 QC), low urine output (less than 1 mllkg hr) and falling mean arterial pressure. Higher doses (up to 20 JAg/kg/min) may be required for some patients in severe cardiac failure. It is rare to see tachyarrythmias associated with its use and an improvement in cardiac output is often accompanied by a fall in heart rate. Dopamine is preferred to digoxin in the immediate postoperative period because of its short halflife, greater therapeutic ratio and independence of renal excretion.
Various inotropes are preferred by other centres, and in varying combinationsnoradrenaline and phentolamine, adrenaline and nitroprusside, and isoprenaline when the heart rate is low. 19 Familiarity with the agent and prediction of response in one's own group of patients seems to govern the choice of agent.
The patients of the earlier group required substantially larger doses of inotrope to produce a similar ejection fraction, the tired, obstructed, oedematous, dilated, acidotic, injured right ventricle finding it difficult to respond to a meagre inotropic stimulus. Coupled to this were the increased myocardial oxygen demands of catecholamine-induced tachycardia and increased total peripheral resistance due to alpha stimulation. Anaesthesia Hydrallazine, phentolamine or phenoxybenzamine are used intraoperativeiy to facilitate rapid, even cooling and rewarming. These drugs may aid in afterload reduction at the completion of bypass, but specific afterload reduction of the right and left ventricle is achieved with nitroprusside. It is started at low dosage (0.5-1.0 JAg/kg/min) concurrently with dopamine if there is any evidence of low cardiac output. Care must be exercised if fixed right ventricular outflow obstruction or a residual intracardiac shunt remains. If afterload reduction appears advantageous we substitute phenoxybenzamine for nitroprusside after 12 to 24 hours. 20 The dilated right heart requires relatively high filling pressures to maintain an adequate cardiac output. Dynamic infundibular contraction occurs less readily if the outflow tract is splinted by an adequate filling pressure. However, these high right-sided pressures (greater than 10 mmHg) together with a fall in the colloid osmotic pressure due to the dilutional effect of the prime encourage translocation of fluid to the third space. Thus not uncommonly, pleural effusions and ascites develop, the fluid having the same composition as plasma. Early drainage of this fluid reduces ventilatory requirements, improves oxygenation and hastens recovery. Figure 1 shows the improvement in arterial oxygen tension and fall in ventilator peak pressures over the next twelve hours following peritoneal drainage. Some centres place an abdominal cavity catheter at the time of repair routinely. The fluid drained is replaced intravenously with SPPS until the capillary leak has stabilised. It appears to be more than just a mechanical effect on ventilation which induces the fall in cardiac output. It has been proposed that myocardial depressant factors or toxic metabolites are filtered into these cavity spaces and reabsorbed into the circulation, thence exerting their effect.
Renal failure following cardiopulmonary bypass carries a high mortality because of its associations with cardiac failure, sepsis, respiratory failure, gastrointestinal haemorrhage, central nervous system dysfunction and fluid and electrolyte imbalance. 21 Prophylactic use of diuretics does not seem to influence the incidence of renal decompensation. Oliguria is a sign of low cardiac output and if not responsive to fluid loading and inotropic support is aggressively treated with early peritoneal dialysis. Because patients after cardiopulmonary bypass are relatively water-overloaded, the free water intake post operatively is heavily restricted. Patients are given one-quarter maintenance fluids with filling as required for blood loss, or to compensate for capillary leak, in the form of blood or 5070 albumin in saline to a haematocrit of 35-40%.
Previously dialysis was only used as a last resort. Early institution of peritoneal dialysis allows smooth correction of electrolyte and acid-base disturbance without further compromising cardiac output.
In the patient with a likely protracted postoperative course, early consideration is given to nutrition. Hyperalimentation is begun after 48 hours either via nasogastric feeding, or if gastrointestinal absorption is inhibited, by intravenous feeding. An adequate caloric intake in a balanced form of lipid, glucose and amino acids is difficult to achieve in a patient whose fluids are restricted. Substrate encouragement for normal cellular function is to be encouraged if profound negative nitrogen balance is to be avoided. This is particularly true in the growth-retarded child, who tolerates postoperative catabolism poorly. 22 Postoperative bleeding in cyanotic children may be a problem -the argument advanced is that these children have an enhanced fibrinolytic system to compensate for their polycythaemia. This may be treated in the usual way with fibrinogen, platelet and clotting factor replacement. In addition there may be a place for tranexamic acid, a derivative of epsilon-amino caproic acid, to inhibit fibrinolysis. CONCLUSION The dramatic reduction in mortality figures over the last five years reflects a multifactorial aetiology. The most important factor seems to have been the change from right ventriculotomy and large outflow tract resection to early transatrial correction. However, coupled with this are increased Anaesthesia and Intensive Care. Vol. I J, No. 3, August, 1983 surgical and postoperative experience and a change in emphasis to early institution of corrective therapy postoperatively. Hence early low-dosage inotrope support, cavity drainage, intravenous hyperalimentation, peritoneal dialysis, sequential pacing and ventilation until cardiorespiratory stability is achieved, form the basis of our postoperative management.
The overall impression is that early total correction of many anomalies will become more common, as anaesthetic, operative and postoperative techniques have produced a markedly improved survival rate in the child less than two years of age. Some defects become increasingly severe with age and correction at a later stage may lead to acquired pulmonary vascular disease and death before repair can be performed.
